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Figure 5.1: SCCEF and the laboratory frame
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Table D11. Photon sector, d = 4 (part 3 of 4]
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V. Alan Kostelecky & N. Russell:
Rev. Mod. Phys. 83, 11 (2011)

Data Tables for Lorentz and CPT

violation

(latest version at arXiv:0801.0287v7)

Combination Result System Ref.

it (0.7 £ 1.0) x 10~ Optical ring eavity [107]
(Foog 1YY (-1.5+£1.2) x 10~'? Rotating microwave resonators [95]

V[2erx — (Rot )Y Z)2 + 20y — (Roy )2X)2 < 1.6 x 10" Compton seattering [108]
B Ry )XY (—0.14 £0.78) x 10~'7  Rotating optical resonators  [96]
(s )XY (15+£15+02) x 10~ » [07]
B (Ros )XY (—25+2.5) x 10717 (98]

(Foog )XY (1.7+£2.0) x 1072 Optieal, microwave resonators [46]*
" (—09+26) %« 107 Rotating microwave resonators [99]

(—2.5+5.1) x 107"  Rotating optical resonators [100]

(0.20 £0.21) x 10~""  Rotating microwave resonators [101]

(—1.8£1.5) x 10~ Microwave resonator, maser  [102]

(14 + 14) = 10~!'Y  Optieal resonators [103)

o (—06+1.2) x 107" Optiecal ring cavity [107)

(Foy |4 (16+£22) x 107"  Asymmetric optical resonator [109)]

" (0.7 +£1.4) x 10712 " [110]
(1.7+£0.7) x 107" Rotating microwave resonators [95]
By (B ) X2 (—0.45 £ 0.62) x 10~'7  Rotating optical resonators  [96]
(Foy ) X7 (<01+10+02) %103 » [07]
Ba(Fooy X% (1.5 £ 1.7) x 107 [98]

(Foy 157 (—31+23) x 10~  Optiecal, microwave resonators [46]*
" (—44+25) x 107'?  Rotating microwave resonators [99]

(—36+27) x 107" Rotating optical resonators  [100]

(—0.91 £0.46) x 10~""  Rotating microwave resonators [101]

(—14+23) x 107" Microwave resonator, maser  [102]

(—-1.2+26) x 10-'""  Optical resonators [103)

R (0.5 + 1.0) x 10~ Optical ring eavity [107]
(Foos ¥ ¥ (0.2+£0.7) x 10~ Rotating microwave resonators [95]
Ba(Ror )V (—0.34 £ 0.61) x 107'"  Rotating optical resonators [96]
(Fos )Y Z (—01+10+04)x10-8  » [07]
Be(Foy )Y Z (-1.0+£15) x 10717 (98]

(Fos)¥ # (—2.8+22)x 107"  Optieal, microwave resonators [46]*

(—3.2+23) x 10712
(2.0 +2.8) x 10-12
(0.44 + 0.46) x 10~ 1!
(2.7 +£2.2) x 10~
(01+27) =107

Rotating microwave resonators [09]

Rotating optical resonators  [100)]
Rotating microwave resonators [101]
[102]
[103]

Microwave resonator, maser
Optieal resonators
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that the photon’s dispersion relation is modified:
w=(1—Kk-A)A+ O(?). (1)

Here, A* = (@, AA) denotes the photon four-momentum
and A 1s a unit three-vector. The three components of kg,

CEILRI)LF—ICERUHED

A = ACE[I + 2 & ,ﬁ]. (3)
‘ (1 +4yA/m)-

Here, Acg = denotes the conventional value of the

_1_ '.l
]+4yA m
CE energy. Given the actual experimental data of m =
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= 5“ELBE1E AN /N <25%X107% (95% C.L.), (8)

yielding the competitive limit 4/«% + x5 < 1.6 X 10714
(95% C.L.) with Eq. (4). Reinstating MSME notation and
the electron coefficients for generality gives at 95% C.L.

) — - o \/[26'1"}( — (Ros V2P + [2¢c7y — (R )X < 1.6 X 10714
%%Eé_ U (9)
//\J * J:E:(%}E D_I_ improving previous bounds by a factor of 10. The other,

%)—C%J BE omitted MSME coefficients leave this limit unaffected.
D/ N\
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10UNIVA ETZEIETN TNDELTND

15



Quantum imaging
 G.B. Lemos et al.: Nature 512, 409 (2014)

LETTER

doi:10.1038/naturel3586

Quantum imaging with undetected photons

Gabriela Barreto Lemosl’z, Victoria B()rishl’S, Garrett D. C()lez’S, Sven Ramelowl’&}', Radek Lapkie\-’viczl’3 & Anton Zeilingerl’z’3

Information is central to quantum mechanics. In particular, quantum
interference occurs only if there exists no information to distinguish
between the superposed states. The mere possibility of obtaining
information that could distinguish between overlapping states inhi-
bits quantum interference"*. Here we introduce and experimentally
demonstrate a quantum imaging concept based on induced coher-
ence without induced emission™*. Qur experiment uses two separate
down-conversion nonlinear crystals (numbered NL1 and NL2), each
illuminated by the same pump laser, creating one pair of photons

the signal single photon counts; the idlers are not detected. No coincidence
detection is required.

The peculiar feature of this interferometer is that no detected photon
has taken path d. Yet, in our experiment, it is precisely here where we put
the object to be imaged. The key to this experiment is how the signal-
source information carried by the undetected idler photon depends on
T.For,it T = 0,an idler detected after D3, coincident with a signal count
at |g), or |h),, would imply the signal source was NL2. Detection of a
signal photon without a coincident idler would imply the signal source

Ynstitute for Quanturn Optics and Quantum Information, Austrian Academy of Sciences, Boltzmanngasse 3, Vienna A-1090, Austria. 2Vienna Center for Quantum Science and Technology (VCQ), Faculty of
Physics, University of Vienna, A-1090 Vienna, Austria. 3Quantum Optics, Quantum Nanophysics, Quantum Information, University of Vienna, Boltzmanngasse 5, Vienna A-1020, Austria. fPresent address:

Cornell University, 159 Clark Hall, 142 Science Drive, Ithaca, New York 14853, USA.

28 AUGUST 2014 | VOL 512 | NATJL@E | 409

©2014 Macmillan Publishers Limited. All rights reserved
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Figure 2 | Experimental set-up. A continuous-wave 532-nm laser (green)
illuminates crystals NL1 and NL2. Wave plates (WPs) adjust the relative phase
and intensity of the outputs of the polarizing beam splitter (PBS). The dichroic
mirror D1 separates down-converted 810-nm (yellow) and 1,550-nm (red)
photons. The 1,550-nm photons are transmitted through the object O and sent
through NL2 by dichroic mirror D2. Lenses image plane 1 onto plane 3, and
plane 2 onto the EMCCD camera. A 50:50 beam splitter (BS) combings the
810-nm beams. Dichroic mirrors D1, D2, D4 and D5 transmit the pump.
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PHYSICAL REVIEW
LETTERS

VOLUME 74 12 JUNE 1995 NUMBER 24

Interaction-Free Measurement

Paul Kwiat, Harald Weinfurter, Thomas Herzog, and Anton Zeilinger
Institut fiir Experimentalphysik, Universitdt Innsbruck, Technikerstrasse 25, 6020 Innsbruck, Austria

Mark A. Kasevich

Department of Physics, Stanford University, Stanford, California 94305
(Received 19 September 1994)

We show that one can ascertain the presence of an object in some sense without interacting with
it. One repeatedly, but weakly, tests for the presence of the object, which would inhibit an otherwise
coherent evolution of the interrogating photon. The fraction of “interaction-free” measurements can
be arbitrarily close to 1. Using single photons in a Michelson interferometer, we have performed a
preliminary demonstration of some of these ideas.

19


http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1995.tb38981.x/abstract
http://prl.aps.org/abstract/PRL/v74/i24/p4763_1
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf

2013458 15HgEE £

Kwiats DESFESR
Dark TD 1R H %1

« IR CIEEZRRLIC (g BHASTLDD 1
Michelson+ %5t P(det) Obj TORH

. P(det) + P(abs) < @z
. YR EYBITE S R e

-+) RT/(RT + R) = (1 — R)/(2 — R)
SN E —EK ]y

12000 0
AbMagaa Agdha, aAAASA ' g
. + 1000 '3
AsAAAA A U
hoton pair —1 A LS >50b 28244284 408823 Lo
P p darklZigd &> » C(Dark), no object o C(Obj.), no object
702nm trigger He-NeTHOw4 @ | i C(Dark), with object o C(Obj.), with object
351nm & J 0.6
Xl - a 0.5
% o Data | 1 014
L ] o Data | T03n
oo R ET [ ZBS |— Theory| T 02
LilO, 11
I 1 T |l ': 0
down conversion W 4 (b;)'ﬁ e o "
@ Beam splitter reflectivity
bomb <&, FIG. 5. (a) Typical experimental results for an interaction-

free measurement. The beam splitter reflectivity for this data
set was 43%. (b) Experimental and theoretical values for the
figure of merit n in the Michelson-interferometer scheme, as a
function of beam splitter reflectivity. 20

FIG. 4. Schematic of the down-conversion experiment dem-
onstrating the principle of an interaction-free measurement.


http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/labseminar_SinglePhoton.pdf

b
+ T=00DEEL YTl > 500
FHDFEETHY g2 ™8 :

5 (6 Ul /'Ué: 1 200
9\\_9/ \— I\D\\ % 100 /1200 300 40071 500 600 °
&‘)5) GH—r Pixels ot 2DDIHR—FDE
¢ T=IOBDTIE © w0

1,200 900
T 7‘_:'5«73*%_%?(/\ o 200 800 9 600 O
OQ(/\ (7157D\E:/Q & 100 400 @ 300 @
7_. .
lL— ’.)_Céf— (j)/o 100 200 300 ° % 100 200 300 °
2D NHR— ~DE0 Pixels Pixels

Figure 3 | Intensity imaging. a, Inside the cat, constructive and destructive
interference are observed at the outputs of BS when we placed the cardboard
cut-out shown in b in the path D1-D2. Outside the cat, idler photons from
NL1 are blocked and therefore the signals do not interfere. ¢, The sum of the
outputs gives the intensity profile of the signal beams. d, The subtraction of
the outputs leads to an enhancement of the interference contrast, as itRAighlights
the difference between constructive and destructive interference.
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Figure 4 | Phase image of an object opaque to 810-nm light. a, Detection of
810-nm photons at both outputs of BS when a silicon plate (opaque to 810-nm
light) with a 3-mm-tall etched cat (b) was introduced in path D1-D2. b, Three-
dimensional rendering of the etch design overlaid with stylus profil@@eter
scans (blue points) of the actual etch depth.
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Figure 5 | Phase imaging of a 2 step at 820 nm. a, The top picture was taken
with the object (shown in b) placed in the 820-nm beam between L4 and L4’;
in the bottom picture, the object was placed in the 1,515-nm b in path
D1-D2. b, Three-dimensional rendering of the design overlaid ®i# stylus
profilometer scans (blue dots) of the actual etch depth.



